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MICROELECTRICALMECHANICAL 
SYSTEM (MEMS) ELECTRICAL ISOLATOR 

WITH REDUCED SENSITIVITY TO 
INERTIAL NOISE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation in part of US. patent 
applications Ser. No. 09/406,364 ?led Sep. 28, 1999 now 
US. Pat. No. 6,188,322; Ser. No. 09/406,654 ?led Sep. 27, 
1999, now US. Pat. No. 6,463,339 and Ser. No. 09/400,125 
?led Sep. 21, 1999 now US. Pat. No. 6,417,743. 

FIELD OF THE INVENTION 

The present invention relates to electrical isolators and in 
particular to a microelectromechanical system (MEMS) 
device providing electrical isolation in the transmission of 
electrical signals While limiting motion-induced noise. 

BACKGROUND OF THE INVENTION 

Electrical isolators are used to provide electrical isolation 
betWeen circuit elements for the purposes of voltage level 
shifting, electrical noise reduction, and high voltage and 
current protection. 

Circuit elements may be considered electrically isolated if 
there is no path in Which a direct current (DC) can ?oW 
betWeen them. Isolation of this kind can be obtained by 
capacitive or inductive coupling. In capacitive coupling, an 
electrical input signal is applied to one plate of a capacitor 
to transmit an electrostatic signal across an insulating dielec 
tric to a second plate at Which an output signal is developed. 
In inductive coupling, an electrical input signal is applied to 
a ?rst coil to transmit an electromagnetic ?eld across an 
insulating gap to a second coil, Which generates the isolated 
output signal. Both such isolators essentially block steady 
state or DC electrical signals. 

Such isolators, although simple, block the communication 
of signals that have signi?cant loW frequency components. 
Further, these isolators can introduce signi?cant frequency 
dependent attenuation and phase distortion in the transmitted 
signal. These features make such isolators unsuitable for 
many types of signals including many types of high-speed 
digital communications. 

In addition, it is sometimes desirable to provide high 
voltage (>2 kV) isolation betWeen tWo different portions of 
a system, While maintaining a communication path betWeen 
these tWo portions. This is often true in industrial control 
applications Where it is desirable to isolate the sensor/ 
actuator portions from the control portions of the overall 
system. It is also applicable to medical instrumentation 
systems, Where it is desirable to isolate the patient from the 
voltages and currents Within the instrumentation. 

The isolation of digital signals is frequently provided by 
optical isolators. In an optical isolator, an input signal drives 
a light source, typically a light emitting diode (LED) posi 
tioned to transmit its light to a photodiode or phototransistor 
through an insulating but transparent separator. Such a 
system Will readily transmit a binary signal of arbitrary 
frequency Without the distortion and attenuation introduced 
by capacitors and inductors. The optical isolator further 
provides an inherent signal limiting in the output through 
saturation of the light receiver, and signal thresholding in the 
input, by virtue of the intrinsic LED forWard bias voltage. 

Nevertheless, optical isolators have some disadvantages. 
They require a relatively expensive gallium arsenide (GaAs) 
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2 
substrate that is incompatible With other types of integrated 
circuitry and thus optical isolators often require separate 
packaging and assembly from the circuits they are protect 
ing. The characteristics of the LED and photodetector can be 
dif?cult to control during fabrication, increasing the costs if 
unit-to-unit variation cannot be tolerated. The poWer 
requirements of the LED may require signal conditioning of 
the input signal before an optical isolator can be used, 
imposing yet an additional cost. While the forWard bias 
voltage of the LED provides an inherent noise thresholding, 
the threshold generally cannot be adjusted but is ?Xed by 
chemical properties of the LED materials. Accordingly, if 
different thresholds are required, additional signal condi 
tioning may be needed. Finally, the LED is a diode and thus 
limits the input signal to a single polarity unless multiple 
LEDs are used. 

It is common to process analog electrical signals using 
digital circuitry such as microprocessors. In such situations, 
the analog signal may be periodically sampled and the 
samples converted into digital Words input by an analog-to 
digital converter to and processed by the digital 
circuitry. Conversely, digital Words produced by the digital 
circuitry may be converted into an analog signal through the 
use of a digital-to-analog converter (D/A) to provide a series 
of analog electrical values that may be ?ltered into a 
continuous analog signal. Isolation of such signals at the 
interface to the digital circuitry is often desired and may be 
performed by placing an optical isolator in series With the 
electrical signal representing each bit of the relevant digital 
Word after the A/D converter and before the D/A converter. 
Particularly in the area of industrial controls Where many 
isolated analog signals must be processed and output, a large 
number of optical isolators are required rendering the iso 
lation very costly or impractical. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides a mechanical isolator 
manufactured using MEMS techniques and suitable for 
transmitting analog or digital signals. The isolator uses a 
specially fabricated microscopic beam supported on a sub 
strate and Whose ends are insulated from each other. One end 
of the beam is connected to a microscopic actuator, Which 
receives a user input signal to move the beam based on that 
signal. The other end of the beam is attached to a sensor 
detecting movement of the beam to provide a corresponding 
value. 

Acceleration of the substrate, Which might move the beam 
in the absence of a user signal, is compensated for by 
fabricating a second identical beam that measures inertial 
force and removes it from the signal. This technique can be 
used generally not just With isolators but also With any 
MEMS device in Which forces or movement caused by 
acceleration of the substrate must be canceled. In addition, 
this approach also applies to other common mode noise 
sources other than acceleration or inertia; such as: 
temperature, pressure, etc. 

Speci?cally then, the present invention provides a micro 
electromechanical system (MEMS) With reduced inertial 
sensitivity. The invention includes a substrate and a ?rst 
element supported from the substrate for movement relative 
to the substrate With respect to an aXis. A ?rst actuator is 
attached to the ?rst element to exert a force thereupon 
dependent upon a parameter to be measured and urging the 
element toWard a second position. The device also includes 
a second element supported from the substrate also for 
movement With respect to the aXis. A sensor assembly 
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communicates With the ?rst and second elements to detect 
movement of the ?rst and second elements and to provide an 
output subtracting their movements so as to be less sensitive 
to substrate acceleration or other common mode noise. 

Thus it is one object of the invention to provide a MEMS 
sensor With reduced sensitivity to acceleration interfering 
With measurement of the desired parameter. The small siZe 
of the MEMS device alloWs tWo matched elements to be 
fabricated in close proximity to each other so as to be 
identical and to experience the same inertial forces so that 
one may provide an inertial reference signal that can be used 
to cancel the inertial contribution to the parameter measure 
ment. 

The second element may not have an input signal applied 
or an actuator or functioning actuator so as to detect only 
inertial forces or it may include a functional actuator Which 
exerts a force upon the second element dependent upon the 
parameter to be measured but urging the second element in 
the opposite direction as the ?rst element. 

Thus it is another object of the invention to permit a 
simple cancellation, Which reduces inertial noise, or a more 
sophisticated cancellation that reduces inertial noise While 
also boosting the desired signal. 

The parameter may be an electrical signal and the second 
and ?rst actuators may receive the input electrical signal 
related to the parameter and exert a force dependent on the 
input electrical signal. In this case, the device may include 
an inverting circuit receiving the parameter electrical signal 
and producing an inverted electrical signal for the second 
actuator. 

Thus it is another object of the invention to permit the 
inertial noise cancellation With identical MEMS structures 
simply by inverting an electrical signal to one MEMS 
structure so that it operates in the opposite direction. 

The MEMS device may include a second actuator 
attached to the second element but not communicating With 
the parameter to be measured and thus not exerting a force 
thereupon dependent upon the parameter to be measured. 

Thus it is another object of the invention to provide for 
virtually identical MEMS structures, including actuators, so 
as to be equally sensitive to inertial noise. 

The foregoing objects and advantages may not apply to all 
embodiments of the inventions and are not intended to 
de?ne the scope of the invention for Which purpose claims 
are provided. In the folloWing description, reference is made 
to the accompanying draWings, Which form a part hereof, 
and in Which there is shoWn by Way of illustration, a 
preferred embodiment of the invention. Such embodiment 
also does not de?ne the scope of the invention and reference 
must be made therefore to the claims for this purpose. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simpli?ed block diagram of the present analog 
isolator shoWing its elements of an actuator, a control 
structure and a sensor communicating along a single 
mechanical element that may move to transmit data betWeen 
the actuator and sensor and shoWing insulating portions of 
the moving element; 

FIG. 2 is a top plan vieW of one embodiment of the 
isolator of FIG. 1 using three electrostatic motors and a 
capacitive sensor shoWing support of a moving beam con 
necting these components by means of ?exible transverse 
arms and shoWing implementation of the insulating sections 
of the beam; 

FIG. 3 is a simpli?ed perspective vieW of an insulating 
section of the beam of FIG. 2 shoWing the use of laminated 
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4 
conductive and nonconductive layers and the removal of the 
conductive layer to create the insulating section; 

FIG. 4 is a fragmentary vieW of one transverse arm of 
FIG. 2 shoWing a doubling back of the arm at an elboW so 
as to provide stress relief; 

FIGS. 5a and 5b are fragmentary detailed vieWs of the 
elboW of FIG. 4 shoWing the incorporation of a spring 
alloWing angulation of the portion of the transverse arm 
attached to the beam for improved force characteristics; 

FIG. 6 is a vieW of one pair of transverse arms of FIG. 2 
shoWing electrical separation of the arms of the pair to alloW 
a current to be imposed on the arm to create a LorenZ-force 
motor such as may be substituted for the electrostatic motors 
of FIG. 2; 

FIG. 7 is a ?gure similar to that of FIG. 1 shoWing the 
addition of a second sensor and second actuator on opposite 
ends of the beam to alloW for a bi-directional isolator or With 
the additional sensor alone, a high reliability isolator; 

FIG. 8 is a detailed vieW of the sensor of FIG. 1 and its 
associated processing electronics for extracting a digital 
Word from the isolator of the present invention; 

FIG. 9 is a ?gure similar to that of FIG. 1 shoWing the use 
of tWo MEMS devices for the purpose of canceling out the 
effects of acceleration of the substrate on measurements of 
the mechanical elements by subtraction of the signals from 
tWo parallel elements; 

FIG. 10 is a ?gure similar to that of FIG. 9 shoWing an 
alternative embodiment Where the tWo MEMS mechanical 
elements are driven by mutually inverted electrical signals in 
opposite directions so that the subtraction doubles the mea 
sured signal as Well as reducing inertial noise; 

FIG. 11 is a ?gure similar to that of FIG. 9 Wherein the 
ultimate subtraction of the signals from the tWo MEMS 
devices is accomplished With reduced electrical circuitry; 
and 

FIG. 12 is a ?gure similar to that of FIG. 10 Wherein the 
ultimate subtraction of the signals from the tWo MEMS 
devices is accomplished With reduced electrical circuitry. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring noW to FIG. 1, a MEMS analog isolator 10 per 
the present invention includes an actuator 12, control ele 
ment 14, and a sensor 18 mechanically interconnected by a 
movable beam 20. 
The actuator 12 includes terminals 22a and 22b and 

22c+22d through Which an analog electrical input signal 21 
may be received and converted into a mechanical force 
tending to move the beam 20 in an actuation direction 24 
indicated by an arroW. In the microscopic scale of the 
MEMS analog isolator 10, the actuator may be a pieZoelec 
tric actuator, a thermal-expansion motor, a mechanical 
displacement motor, an electrostatic motor, or a LorenZ 
force motor generally knoWn in the art, the latter tWo to be 
described in more detail beloW. For a LorenZ-force motor or 
thermal-expansion motor, the analog electrical input signal 
21 Will be a current, for the pieZoelectric or electrostatic 
motor, the input electrical signal Will be a voltage. 
The actuator 12 communicates With a ?rst end of the beam 

20. An opposite end of the beam 20 is received by the sensor 
18 Which detects movement of the beam 20 and through its 
terminals 26a and 26b and 26c+26d produces an electrical 
signal that may be measured directly or further processed by 
processing electronics 28 to produce the output signal 30 
indicating movement of the beam 20. The sensor 18 may be 
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a pieZoelectric-type sensor, a photoelectric sensor, a resistive 
sensor, an optical switching sensor, or a capacitive sensor 
according to techniques knoWn in the art of MEMS design. 
In the preferred embodiment, the sensor 18 uses counter 
poised movable plate capacitors as Will be described in more 
detail beloW. 

Attached to the beam 20 betWeen the actuator 12 and the 
sensor 18 is the control element 14 Which provides both a 
force on the beam 20 opposite the actuation direction 24 and 
tending to resist the operation of the actuator 12 or With the 
actuation direction 24 augmenting the operation of the 
actuator 12, as indicated by double headed arroWs 35. 

Absent an analog electrical input signal 21, the control 
element 14 may hold the beam 20 in a position toWard the 
sensor 18. Ideally, the control element 14 provides a force 
that increases With motion of the beam 20 in the actuation 
direction 24. In this Way, a simple relationship betWeen 
actuation force and movement of the beam 20 is generated 
(e.g., With a simple spring-type system). The MEMS analog 
isolator 10 provides extremely loW friction and inertia so 
this movement or force is consistent and rapid. Alternatively, 
the control element 14 may provide a rapidly increasing 
force (in a feedback system) arresting the movement of the 
beam 20 for any actuation force. Here the magnitude of the 
arresting force provides the output signal. 
As described, the force provided by the control element 

14 may be adjustable by varying a current or voltage to the 
structure and used in a feedback mode to essentially elimi 
nate all but a small movement of the beam 20. Some 
movement of the beam 20 is necessary for the sensor 18 to 
provide the necessary countervailing feedback, but the 
movement may be reduced to an extent that non-linearities 
in the actuators and mechanical elements of the MEMS 
analog isolator 10, that might occur With more pronounced 
movement, are eliminated. Speci?cally, in this mode, the 
movement of the beam 20 is detected by processing elec 
tronics 28 to produce a position signal. The position signal 
is compared against a reference signal 29 to produce an error 
signal 31 Which is directed to the control element to produce 
a restoring force returning the beam 20 to the null point. The 
connection betWeen the error signal to the control element 
14 may be direct or may be further modi?ed by a feedback 
netWork 33 providing compensation for the system accord 
ing to Well-knoWn feedback techniques. The feedback net 
Work 33 may steer voltage to either terminals 38c and 38d 
With a return at terminal 50 for actuation toWard the sensor 
18 or to terminals 38a and 38b With a return at terminal 50 
for actuation toWard the actuator 12 re?ecting the fact that 
the electrostatic motors provide only a single direction of 
force. 

The beam 20 includes conductive portions 32a and 32b, 
located at the actuator 12 and sensor 18, respectively, and 
such as may form part of the actuator 12 or sensor 18. 
Insulating portions 34a and 34b separate conductive por 
tions 32a and 32b from a centermost conductive portion 32c 
that may be part of the control element 14; the insulating 
portions 34a and 34b thus de?ning three regions of isolation 
36a—c. The ?rst region 36a includes the actuator 12 and 
conductive portion 32a, the second region 36b includes the 
center conductive portion 32c and the control element 14, 
and the third region 36c includes the conductive portion 32b 
and sensor 18. 

The insulated beam 20 provides a mechanism by Which 
the analog electrical input signal 21 acting through the 
actuator 12 may produce a corresponding output signal 30 at 
the sensor 18 electrically isolated from the analog electrical 
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input signal 21. The control element 14 may be electrically 
isolated from either the input signal and/or the output signal 
30. 

The control element 14 is preferably a LorenZ-force motor 
or an electrostatic motor of a type that Will be described 
beloW. For the former of these tWo control elements, termi 
nals 38a and 38b and return 50 are provided to provide a 
bi-directional current dictating the countervailing force pro 
vided by the control element 14. The direction of the current 
dictates the direction of the force. For the latter electrostatic 
structure, terminals 38a, 38b, 38c, and 38d are provided. 
Voltage is applied either to terminal pair 38a and 38b (With 
reference to return 50) or to terminal pair 38c and 38d (With 
respect to return 50) to determine the direction of the force. 

Referring noW to FIG. 2, the beam 20 may extend above 
a substrate 42 along a longitudinal axis 40 passing along a 
midline betWeen transversely opposed pylons 44 attached to 
a substrate 42. The pylons form the terminals 22a and 22b, 
38a—38d, 26a, and 26b described above. Ideally, the sub 
strate 42 is an insulating substrate and thus pylons 44 are all 
mutually isolated and particular conductive layers are placed 
or Wire bonding used to make the necessary connections. 

The beam 20 is supported aWay from the substrate 42 and 
held for movement along the longitudinal axis 40 by means 
of ?exing arm pairs 46 extending transversely on opposite 
sides of both ends of the beam 20 and its middle. The ?exing 
arms 46 extend aWay from the beam 20 to elboWs 48 
transversely removed from the beam 20 on each side of the 
beam 20. The elboWs 48 in turn connect to expansion 
compensators 50, Which return to be attached to the substrate 
42 at a point near the beam 20. As mentioned above, these 
expansion compensators are not absolutely required. They 
serve as stress relief if that is needed. The ?exing transverse 
arms 46 are generally parallel to the expansion compensa 
tors 50 to Which they are connected. The ?exing transverse 
arms 46, elboWs 48 and expansion compensators are con 
ductive to provide electrical connections betWeen the con 
ductive portions 32a, 32b and 32c and stationary electrical 
terminals (not shoWn). 

Referring noW to FIG. 4, the length L1 of each expansion 
compensator 50 betWeen its point of attachment 52 to the 
substrate 42 and its connection to a corresponding ?exing 
transverse arm 46 at elboW 48 and the length L2 of the 
?exing transverse arm 46 de?ned as the distance betWeen its 
connection to beam 20 and the elboW 48 are set to be nearly 
equal so that expansion caused by thermal effects in the 
?exing transverse arm 46 is nearly or completely canceled 
by expansion in the expansion compensator 50. In this Way, 
little tension or compression develops in the ?exing trans 
verse arm 46. Both the ?exing transverse arm 46 and the 
expansion compensator 50 in this embodiment are fabricated 
of the same material, hoWever it Will be understood that 
different materials may also be used and lengths L1 and L2 
adjusted to re?ect the differences in thermal expansion 
coef?cients. Note that a doubling back of the arm is not 
required. Astraight connection Will also Work. The doubling 
back of the arm is a stress-relieving feature. Stress in the 
beam Will affect the spring constant. Depending on the 
spring constant desired, and other geometric and process 
(eg substrate choice) considerations, stress relief may or 
may not be needed or desirable. 

Referring to FIG. 5a, the elboW 48 may include a ser 
pentine portion 54 extending longitudinally from the expan 
sion compensator 50 to its ?exing transverse arm 46. As 
shoWn in FIG. 5b, the serpentine portion 54 alloW angulation 
a betWeen the ?exing transverse arm 46 and expansion 
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compensator 50 such as provides essentially a radius adjust 
ing pivot, both decreasing the force exerted by the ?exing 
transverse arm pairs 46 on the beam 20 With movement of 
the beam 20 and decreasing the stiffness of the structure. 

46 Referring again to FIGS. 2 and 3, in betWeen the 
?exing transverse arm pairs 46 the beam 20 expands to 
create T-bars 56 ?anking insulating portion 34a and 34b. 
Insulating material 58 attached to these T-bars 56 create the 
insulating portions 34. Generally the beam 20 may be 
fabricated using Well-knoWn MEMS processing techniques 
to produce a structure suspended above the substrate 42 and 
composed of a laminated upper conductive layer 60 (for 
example polycrystalline silicon or crystalline silicon option 
ally With an upper aluminum layer) and a loWer insulating 
layer 62 such as silicon dioxide or silicon nitride. The 
insulating portions 34 may be obtained simply by etching 
aWay the upper layer in the region 34a or 34b according to 
techniques Well knoWn in the art using selective etching 
techniques. An improved method of fabricating these struc 
tures is described in US. Pat. No. 6,159,385 issued Dec. 12, 
2000 hereby incorporated by reference. The edges and 
corners of the T-bars 56 may be rounded to increase the 
breakdown voltage betWeen them. 

Each of the upper conductive layer 60 and loWer insulat 
ing layer 62 are perforated by vertically extending channels 
64 such as assists in conducting etchant beneath the layers 
60 and 62 to remove a sacri?cial layer that normally attaches 
layers 60 and 62 to the substrate 42 beloW according to 
techniques Well knoWn in the art. 

Referring noW to FIG. 2 again, portion 32a of the beam 
20, such as provides a portion of the actuator 12 may have 
transversely outWardly extending, moving capacitor plates 
66 overlapping With corresponding transversely inWardly 
extending stationary capacitor plates 68 attached to the 
pylons 44 representing terminals 22a and 22b. Each of the 
moving capacitor plates 66 and their corresponding station 
ary capacitor plates 68 may have mutually engaging ?ngers 
(as opposed to being simple parallel plate capacitors) so as 
to provide for a more uniform electrostatic force over a 
greater range of longitudinal travel of the beam 20. The thus 
formed electrostatic motor operates using the attraction 
betWeen the capacitor plates 66 and 68 With the terminals 
22b and 22a connected to a more positive voltage than that 
of beam 20 (connected to terminals 22c+22a), to urge the 
beam 20 in the actuation direction 24. For this reason, 
stationary capacitor plates 68 are after the moving capacitor 
plates 66 on both sides of the beam 20 as one travels along 
the actuation direction. Capacitor plates 66 and 68 are 
cantilevered over the substrate 42 by the same under etching 
used to free the beam 20 from the substrate 42. 

The pylons 44 ?anking portion 32c of the beam such as 
form pads 38a—38d likeWise include moving and stationary 
capacitor plates 66 and 68 in tWo distinct pairs. As noted, 
this section provides the control element 14 and as such, tWo 
electrostatic motors; one (using terminals 38c and 38a) 
created to produce a force in the opposite direction of 
actuator 12 With the moving capacitor plates 66 folloWing 
the stationary capacitor plates 68 as one moves in the 
actuation direction 24 and the other (using terminals 38a and 
38b) created to produce a force in the same direction to the 
actuator 12 With the moving capacitor plates 66 preceding 
the stationary capacitor plates 68 as one moves in the 
actuation direction 24. These tWo actuators are used in 
combination to give the best possible control of the closed 
loop system. 

Referring still to FIG. 2, portion 32b of the beam also 
supports moving capacitor plates 66 and stationary capacitor 
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plates 68. HoWever in this case, the capacitor plates do not 
serve the purpose of making an electrostatic motor but 
instead serve as a sensing means in Which variation in the 
capacitance betWeen the moving capacitor plates 66 and 
stationary capacitor plates 68 serves to indicate the position 
of the beam 20. In this regard, the order of the stationary and 
moving capacitor plates 66 and 68 is reversed on opposite 
sides of the beam 20. Thus, the moving capacitor plates 66 
precede the stationary capacitor plates 68 on a ?rst side of 
the beam (the upper side as depicted in FIG. 2) as one moves 
in the actuation direction 24 (as measured betWeen terminal 
26a and terminals 26c+26a') Whereas the reverse order 
occurs on the loWer side of the beam 20 (as measured 
betWeen terminal 26b and terminals 26c+26a) Accordingly 
as the beam 20 moves in the actuation direction 24, the 
capacitance formed by the upper moving capacitor plates 66 
and stationary capacitor plates 68 increases While the capaci 
tance formed by the loWer plates decreases. The point Where 
the value of the upper capacitance crosses the value of the 
loWer capacitance precisely de?nes a null point and is 
preferably set midWay in the travel of the beam 20. 

Techniques for comparing capacitance Well knoWn in the 
art may be used to evaluate the position of the beam 20. One 
circuit for providing extremely accurate measurements of 
these capacitances is described in co-pending application 
Ser. No. 09/677,037 ?led Sep. 29, 2000 and hereby incor 
porated by reference. 

Generally, the operating structure of the MEMS analog 
isolator 10 is constructed to be symmetric about an axis 
through the middle of the beam 20 along the longitudinal 
axis 40 such as to better compensate the thermal expansions. 
In addition, the operating area of the plates of the capacitors, 
plates 66 and 68 on both sides of the beam 20 for the actuator 
12 and the control element 14, are made equal so as to be 
balanced. For similar reasons, the capacitors of the electro 
static motors and the control element 14 are placed betWeen 
?exing transverse arm pairs 46 so as to better control slight 
amounts of torsion caused by uneven forces betWeen the 
capacitor plates 66 and 68. 

Referring noW to FIG. 6, it Will be understood that one or 
both of the electrostatic motors forming the actuator 12 and 
the control element 14 described above, may be replaced 
With LorenZ-force motors 75 in Which forces are generated 
not by electrostatic attraction betWeen capacitor plates but 
by the interaction of a current With a magnetic ?eld. In the 
LorenZ-force motor 75, a magnetic ?eld (eg with a perma 
nent magnet, not shoWn) may be generated adjacent to the 
MEMS analog isolator 10 to produce a substrate-normal 
magnetic ?ux 70. The expansion compensators 50 support 
ing the ?exing transverse arm 46 on opposite sides of the 
beam 20 are electrically isolated from each other so that a 
voltage may be developed across expansion compensators 
50 to cause a current 72 to ?oW through the ?exing trans 
verse arm 46. This current ?oW in the magnetic ?eld 
generated by the magnet Will produce a longitudinal force on 
the beam 20 that may act in lieu of the electrostatic motors. 
The amount of de?ection is generally determined by the ?ux 
density of the magnetic ?eld 70, the amount of current and 
the ?exibility of the ?exing transverse arm pairs 46 in 
accordance With the right hand rule. 
The LorenZ-force motors 75 are tWo quadrant, meaning 

they Will accept currents in either direction to produce a 
force With or opposed to the actuation direction 24. Hence 
With LorenZ-force motors 75 (or the bi-directional electro 
static motor of the control element 14 described above), the 
MEMS analog isolator 10 may operate With tWo polarities 
unlike an optical isolator. 
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Referring noW to FIG. 7, the actuator 12 positioned on 
beam portion 32a, may be teamed With a second sensor 74 
for sensing motion of the beam 20 and that sensor 74 may 
be used to provide isolated feedback to a device producing 
the analog electrical input signal 21 as to motion of the beam 
20 such as may be used to ensure greater reliability in the 
transmission of signals. 

Alternatively or in addition, the sensor 18 may be teamed 
With an actuator 76 having the same orientation of actuator 
12 but positioned in isolation portion 32b. When actuator 76 
is teamed With sensor 74, they together provide a 
bi-directional analog isolator in Which isolated signals may 
be sent from either end of the beam 20 to the other end. It 
Will be understood that another variation of this embodiment 
may eliminate the control element and instead the actuators 
76 and 12 may be used during transmission by the other 
actuator as the control element. Such a device may be useful 
in some multi-loop analog system or for scaling adjustment. 

It Will be understood With greater circuit complexity that 
certain of the elements of the actuator 12, control element 14 
and sensor 18 may be combined into individual structures 
and hence, these terms should be considered to cover the 
functional equivalents of the functions of actuator control 
element 14 and sensor 18 Whether or not they are realiZed as 
individual structures or not. Further the relative location of 
the control element 14, the actuator 12 and the sensor 18 
may be sWapped and still provide isolated signal transmis 
sion. 

Referring noW to FIG. 8, a digital Word output 100 can be 
obtained from the sensor 18 by making use of an error signal 
31 resulting directly from a comparison of the capacitors of 
the sensor 18 by capacitive comparison circuit 102 of a type 
Well knoWn in the art. One such circuit for providing 
extremely accurate measurements of these capacitances in 
described in co-pending application Ser. No. 09/677,037 
described above. As so con?gured, the error signal 31 (When 
connected to the control element 14) Will tend to restore the 
beam 20 to a null position dependent on the location Where 
the values of the capacitors of the sensor 18 change their 
relationship of Which is greater than the other. The output of 
the capacitive comparison circuit 102 Will generally be a 
duty cycle modulated square Wave 104 produced as the 
beam 20 Wanders back and forth across the null point under 
the in?uences of the actuation force and the restoring force. 
The beam 20 provides an inertial averaging of the error 
signal 31 so that its average force is proportional to the 
actuation force. Counter 106 measures the percentage of 
time that the error signal 31 is in the high state. In one 
embodiment, the output of the capacitive comparison circuit 
102 may be logically ANDed With a high rate clock signal 
to cause the counter 106 to count up during the time the error 
signal 31 is high and not otherWise. The counter may be reset 
periodically by a second time interval signal 110. The value 
on the counter 106 just prior to the resetting Will be 
proportional to the duty cycle of the error signal 31 and 
therefore to the actuation signal. The frequency of the clock 
signal 108 and the period of the time interval signal 110 may 
be selected according to the desired resolution in the digital 
Word output 100 according to methods Well knoWn in the art. 

Referring again to FIG. 2, MEMS fabrication alloWs that 
a portion of the substrate 42 may also include integrated 
circuits 73 having a number of solid-state devices such as 
may implement, for example, the capacitor sense circuitry 
described above. Anumber of the MEMS analog isolators 10 
may be placed on a single integrated circuit With appropriate 
interconnects made for providing them With the currents 
required. Generally, using the MEMS analog isolator 10 of 
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10 
the present invention, a single integrated circuit of arbitrary 
complexity, such as an industrial controller, may include 
isolators on the same substrate 42 manufactured concur 
rently With each other. These MEMS analog isolators 10 
may provide for either inputs to the remaining integrated 
circuitry in the form of a digital Word or, through the use of 
an on-board digital to analog converter, isolated analog 
outputs from the integrated circuit 73. 

Referring noW to FIG. 9, the analog isolator 10 may be 
fabricated adjacent to a second analog isolator 10‘ con 
structed so that an axis 40‘ of the second analog isolator 10‘ 
is parallel to axis 40 of the analog isolator 10 and so that the 
devices are in physically close proximity. In this Way, 
acceleration of the substrate indicated by arroW 120 along 
axis 40 and 40‘ Will be essentially identical for both isolators 
10 and 10‘ even in the presence of a rotational component 
removed from the axes 40 and 40‘. Note that the direction of 
the inertial force need not be along the axis of the device. In 
an ideal device it is only the component of the force that is 
along the axis that contributes to a signal. In a non-ideal 
device non-axial forces can also cause motion that Will be 
detected. But, ideal or not, as long as the tWo devices are 
identical and the system is linear, the effect of inertia is the 
same on both devices, and so it is possible to subtract out the 
effect. 

The analog isolator 10‘ is fabricated so as to be nearly 
identical to the analog isolator 10 having an actuator 12‘, a 
control element 14‘, a sensor 18‘, and processing electronics 
28‘ operating in the same manner as described above With 
respect to analog isolator 10. The single exception to the 
otherWise identical construction of the analog isolator 10‘ is 
that it receives no input signal 21. Thus movement of the 
beam 20‘ of analog isolator 10‘ Will be caused solely by 
acceleration of the substrate 42. 

In operation, an input signal 21 representing a parameter 
to be measured, urges beam 20 toWard a second position 
(eg the left-hand side of FIG. 9). Beam 20 Will also be 
affected by any inertial force 120 on the substrate 42, for 
example, an acceleration of the substrate 42 to the left Which 
Will act to urge both beams 20 and 20‘ to the ?rst position 
(eg to the right). 

In the feedback con?guration described above, in Which 
the control elements act to hold the beams 20 and 20‘ at a 
null position, the output signal 30 of the analog isolator 10 
Will be approximately proportional to: 

Where p is the force on the beam 20 exerted by the 
measured parameter, m1 is the mass of the beam 20 and the 
elements it carries, and a is the acceleration of the substrate 
42 (Where a can be either positive or negative). The value of 
the spring constant is not an additive effect either here in 
closed loop or later in open loop discussion. It is a multi 
plicative effect that is part of the proportionality constant 
Which relates force to displacement to electrical signal. As 
long as the spring constant is a constant, it is acceptable to 
Work With a value that is proportional to the exact value, as 
the relative results Will still be correct 

In contrast, the output signal 30‘ of the analog isolator 10‘ 
Will be approximately proportional to: 

mza 

Where m1=m2 because of the identical construction of the 
analog isolators 10 and 10‘. 

Subtracting the output signal 30‘ from the output signal 30 
thus provides a measure of p Without the inertial noise ma. 
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This subtraction can be accomplished by a conventional 
summing junction 122 realized by an operational ampli?er 
circuit, digital summer, or the like. 
As mentioned above, the analog isolator 10 may be 

realiZed Without feedback, using the control structure 14 
simply to provide a spring. In this case, the output signal 30 
of the analog isolator 10 Will still be approximately propor 
tional to: 

If the displacement is large enough that the spring con 
stant becomes non-constant (i.e. displacement is no longer a 
linear function of force) then the fundamental linearity of the 
system breaks doWn and the ability to cancel (subtract) the 
inertial force is compromised. It is an important advantage 
of the closed loop system that the displacements stay small 
and so do not violate this linearity requirement. For this 
reason, a system With a potentially non-linear spring func 
tion is better handled in closed loop than in open loop. 

In this case, the output signal 30‘ of the analog isolator 10‘ 
Will still be approximately proportional to: 

mza. 

Thus, subtracting the output signal 30‘ from the output 
signal 30 provides a measure of p Without the inertial noise 
ma. Again, the subtraction can be accomplished by a con 
ventional summing junction 122 realiZed by an operational 
ampli?er circuit, digital summer, or the like. 

Although there is no need for a functional actuator 12‘ for 
moving the beam 20‘ in analog isolator 10‘, at least those 
components of the actuator that are attached to the beam 20‘ 
may be included in the analog isolator 10‘ as to modify the 
mass and other physical characteristics of the beam 20‘, and 
its motion, so as to be as nearly identical to that of beam 20 
as possible. Thus for example, the beam supporting the 
electrostatic actuators and the like may all be attached to 
beam 20 even though they are not connected to an input 
signal 21. Note that there are other concerns than just the 
mass that Will essentially require that the entire actuator be 
present. For example, the small spaces betWeen the inter 
digitated ?ngers provides damping to the motion and so the 
entire ?nger structure must be present to duplicate the 
damping effects in the non-poWered device. There may 
hoWever, be some features that can be removed With no 
signi?cant affect. 

The signal 30‘ may be provided to other MEMS devices 
(not shoWn) sharing the substrate 42 so as to provide an 
inertial signal to the entire substrate that may be used to 
cancel out inertial noise from other isolators and other 
similar devices throughout the substrate. 

Referring noW to FIG. 10, an improved signal to noise 
ratio may be obtained by using a fully functional actuator 12‘ 
in analog isolator 10‘ connected to the input signal 21 
through an inverter 126. The inverter, such as may be 
realiZed by an operational ampli?er, effectively multiplies 
the signal 21 by negative one. 

In this case, for a system using feedback, the signal 30 
Will be approximately proportional to: 

p+m1a 

and the signal 30‘ Will be approximately proportional to: 

—p+m2a. 

Subtraction of signal 30‘ from signal 30 yields 2p pro 
viding improved signal strength, and assuming the inertial 
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noise is not completely cancelled, as Will be the case, 
improved signal to noise ratio. Inspection of the above 
description With respect to the system not using force 
feedback reveals that a similar output 124 is obtained of 2p 
in that case. 

Note that in this case, if a LorenZ force motor Were being 
used as actuators 12 and 12‘, input signal 21 may be directed 
through actuator 12‘ in the opposite direction to actuator 12, 
so as to alloW the input signal 21 to operate on the beam 20‘ 
in the opposite direction of the beam 20. Or When using an 
electrostatic actuator structure for 12 and 12‘, they must be 
fabricated so as to act in the opposite directions to each 

other, With regard to the input signal 21. 
In this case, the signal 30‘ is unique to the input signal 21 

and is not shared among other MEMS devices. 

Referring noW to FIG. 11, the system of FIG. 9 is modi?ed 
such that processing electronics 28 uses the signal 18‘ as the 
reference signal. As such, the signal from 18‘ replaces the 
signal 29, shoWn in FIG. 9. The tWo devices operate 
similarly to the Way they operate in FIG. 9, With device 10 
being sensitive to both the input electrical signal and the 
inertial signal, While device 10‘ is sensitive to only the 
inertial signal. HoWever, in this implementation, the sub 
traction of the inertial signal from the input electrical signal 
takes place Within the processing electronics 28 and the 
summer 122 is not needed. The error signal 31 is still only 
due to the value of the input electrical signal and so is 
applied only to control element 14. 

Referring noW to FIG. 12, the system of FIG. 11 is 
modi?ed such that the input electrical signal to device 10 is 
inverted and applied to device 10‘. The subtraction of the 
signal from device 10 and device 10‘ Which takes place in 
processing electronics 28 noW results in tWice the input 
signal. As both devices see the input electrical signal, they 
must also both see the error signal 31, although it must be 
inverted by 126‘ before being applied to control element 14‘. 

It Will be recogniZed that this technique is not limited to 
the use in making analog isolators and may be used also for 
digital isolators in Which the control elements 14 have a 
?xed bias or one that decreases slightly With movement of 
the beams 20 against the bias so as to provide a sharp 
threshold of movement of the beam 20 suitable for digital 
isolation. 

Further, it Will be understood that the parameter being 
measured need not be an electrical parameter but may be any 
physical parameter Which may be converted to movements 
of a beam 20 on a microscopic level. Thus for example, the 
parameter may be pressure With the actuators 12 and 12‘ 
directly connected to a ?exible diaphragm or the like. 
Further the beams 20 need not be set for linear motion but 
in fact may rotate about the axis 40 in Which case, the ?rst 
and second position Would be counterclockWise or full 
clockWise rotation points. In this case, the inertial noise 
Would be that of rotational acceleration. 

It Will be understood that the above described techniques 
are applicable not just to reduce the effects of inertial noise 
but to reduce any common mode noise including those 
caused by thermal expansion, pressure, mechanical distor 
tion of the substrate and the like. It is speci?cally intended 
that the present invention not be limited to the embodiments 
and illustrations contained herein, but that modi?ed forms of 
those embodiments including portions of the embodiments 
and combinations of elements of different embodiments also 
be included as come Within the scope of the folloWing 
claims. 
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What is claimed is: 
1. A microelectromechanical system (MEMS) With 

reduced noise sensitivity, comprising: 
a substrate; 
a ?rst element supported from the substrate for movement 
betWeen ?rst and second positions With respect to an 
aXis relative to the substrate; 

a ?rst actuator attached to the ?rst element to eXert a force 
thereupon dependent upon a parameter to be measured 
and urging the element toWard the second position; 

a second element supported from the substrate for move 
ment betWeen the ?rst and second positions With 
respect to the aXis relative to the substrate; and 

a sensor assembly communicating With the ?rst and 
second elements to detect movement of the ?rst and 
second elements and to provide an output subtracting 
measurement of movement of the ?rst and second 
elements so as to provide an output With reduced 
in?uence from common mode noise acting to move the 
?rst and second elements. 

2. The MEMS device of claim 1 including farther a 
second actuator attached to the second element but not 
communicating With the parameter to be measured to not 
exert a force thereupon dependent upon the parameter to be 
measured. 

3. The MEMS device of claim 1 including further a 
second actuator attached to the second element to eXert a 
force thereupon dependant upon the parameter to be mea 
sured and urging the element toWard the ?rst position. 

4. The MEMS device of claim 1 Wherein the parameter is 
an electrical signal and Wherein the ?rst and second actua 
tors receive input electrical signals related to the parameter 
and eXpert a force dependent on the input electrical signal. 

5. The MEMS device of claim 1 further including an input 
circuit receiving She input electrical signal and producing a 
?rst input electrical signal for the ?rst actuator and a second 
input electrical signal for the second actuator Wherein the 
?rst input electrical signal is inverted With respect to the 
second electrical signal. 

6. The MEMS device of claim 1 Wherein the second 
element is not connected to an actuator eXerting a force 
thereupon dependant upon the parameter to be measured and 
Wherein the sensor assembly subtracts the sensed position of 
the second element from the sensed position of the ?rst 
element to provide the output. 

7. The MEMS device of claim 1 Wherein the sensor 
assembly subtracts the sensed position of the second element 
indicating the inverted parameter plus the effects of substrate 
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acceleration from the sensed position of the ?rst element 
indicating the noninverted parameter plus effects of sub 
strate acceleration to provide the output. 

8. The MEMS device of claim 1 Wherein the ?rst and 
second actuators are selected from the group consisting of: 
an electrostatic motor, a LorenZ force motor, a pieZoelectric 
motor, a thermal-expansion motor, and a mechanical 
displacements motor. 

9. The MEMS device of claim 1 Wherein the sensor 
assembly includes sensors to detect movement of the ?rst 
and second elements selected from the group consisting of 
capacitive sensors, pieZoelectric sensors, photoelectric 
sensors, resistive sensors, and optical sWitching sensors. 

10. The MEMS device of claim 1 Wherein the ?rst and 
second elements are beams attached to the substrate for 
sliding motion along an aXis parallel to an adjacent surface 
of substrate. 

11. The MEMS device of claim 1 Wherein the ?rst and 
second actuators are connected in opposite directions to the 
?rst and second beams. 

12. The MEMS device of claim 1 Wherein the sensor 
assembly includes capacitors attached to the ?rst and second 
beams so as to provide an opposite change in capacitance for 
corresponding capacitors of the ?rst and second beams. 

13. The MEMS device of claim 8 Wherein the beams 
move With respect to the substrate along a longitudinal aXis 
and including ?eXing transverse arm pairs attached at lon 
gitudinally opposed ends of the beam to eXtend outWard 
therefrom to support the beam With respect to the substrate. 

14. The MEMS device of claim 1 further including: 
a ?rst control element attached to the ?rst element to eXert 

a force dependent on the displacement of the ?rst 
element toWard the ?rst position; and 

a second control element attached to the second element 
to eXert a force dependent on the displacement of the 
?rst element toWard the ?rst position. 

15. The MEMS device of claim 1 further including: 
a ?rst control element attached to the ?rst element to eXert 

a predetermined substantially constant force on the ?rst 
element toWard the ?rst position; and 

a second control element attached to the second element 
to eXert a predetermined substantially constant force on 
the ?rst element toWard the ?rst position. 

16. The MEMS device of claim 1 Wherein at least a 
portion of the ?rst element betWeen the ?rst actuator and the 
sensor assembly is an electrical insulator to electrically 
isolate the ?rst actuator from the sensor assembly. 

* * * * * 


